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Multistage Regulation
of Th1-Type Immune Responses
by the Transcription Factor IRF-1
Shinsuke Taki,* Takeo Sato,* Kouetsu Ogasawara,* of IL-12 by macrophages (Mùs) (Hsieh et al., 1993). IL-12
subsequently induces natural killer (NK) cells to produceTaeko Fukuda,* Mitsuharu Sato,* Shigeaki Hida,*
interferon-g (IFNg) (Tripp et al., 1993; Afonso et al., 1994;Gen Suzuki,² Masao Mitsuyama,³ Eun-Hee Shin,§
Scharton-Kersten et al., 1995), which in turn activateSoumei Kojima,§ Tadatsugu Taniguchi,*
Mùs to present antigens to CD41 T cells efficiently (Far-and Yoshihiro Asano*‖
rar and Schreiber, 1993) and to produce still larger*Department of Immunology
amounts of IL-12 (Macatonia et al., 1993; Flesch et al.,Faculty of Medicine
1995). On the other hand, several cell types are known toUniversity of Tokyo
produce IL-4 depending on the nature of the infectiousTokyo 113
agents or the mode of immunization (Coffman and Weid,Japan
1997). The critical role of IL-12 and IL-4 in the induction²National Institute of Radiological Science
of Th1 and Th2, respectively, has been further demon-Chiba 263
strated by gene targeting studies in the mouse (Kopf etJapan
al., 1993; Magram et al., 1996; Matter et al., 1996).³Department of Microbiology
A complex network of gene transcription events, in-Niigata University School of Medicine
cluding cytokine gene expression and the induction ofNiigata 951
cytokine-responsive genes, is likely to be involved inJapan
establishing microenvironments that determine the di-§Department of Parasitology
rection of the immune response. In fact, IL-4 and IL-12,Institute of Medical Science
through stimulation of their homologous receptors,University of Tokyo
selectively activate one or two of a group of latent tran-Tokyo 108
scriptional factors termed signal transducers and activa-
Japan
tors of transcription (STATs): IL-4 activates STAT6,
whereas IL-12 activates STAT4 and STAT3 (Hou et al.,
Summary 1994; Jacobson et al., 1995). The crucial role of these
transcriptional factors hasbeen demonstrated by obser-
Eradication of a given pathogen is dependent on the vations that mice lacking STAT6 and STAT4 are unable
selective differentiation of T helper (Th) cells into Th1 to mount Th2 and Th1 responses, respectively (Kaplan
or Th2 types. We show here that T cells from mice et al., 1996a, 1996b; Shimoda et al., 1996; Takeda et al.,
lacking the transcription factor IRF-1 fail to mount 1996; Thierfelder et al., 1996). Nevertheless, how these
Th1 responses and instead exclusively undergo Th2 transcriptional activators function in the differentiation
differentiation in vitro. Compromised Th1 differentia- of Th1 or Th2 cells remains unknown. In addition, it is
not clear how the transcription of IL-12 and IL-4 genestion is found to be associated with defects in multiple
is regulated.cell types, namely impaired production of interleukin-
Interferon regulatory factor-1 (IRF-1) is a transcription12 by macrophages, hyporesponsiveness of CD41
factor that originally was identified as a regulator ofT cells to interleukin-12, and defective development of
interferon-b gene expression (Miyamoto et al., 1988). Itnatural killer cells. These results indicate the involve-
has since been shown that IRF-1 gene expression isment of IRF-1 in multiple stages of the Th1 limb of the
induced by IFNa/b and IFNg and by other cytokinesimmune response.
(Fujita et al., 1989; Abdollahi et al., 1991). Given that
IFNg plays an important role in the Th1 response (Mos-Introduction
mann and Coffman, 1989; Farrar and Schreiber, 1993),
one can envisage the possible role of this transcriptionThe differentiation of CD41 T cells into type 1 (Th1) or
factor in the regulation of the gene network underlyingtype 2 (Th2) T helper (Th) cells is known to determine
the Th1/Th2 differentiation. Mutant mice lacking IRF-1critically the nature of immune responses to bacterial,
(IRF-12/2 mice) have previously been generated throughparasitic, and viral infections (Mosmann and Coffman,
targeted gene inactivation (Matsuyama et al., 1993), and
1989; Scott and Kaufman, 1991; Kaufman, 1993; Mos-
it was shown that this transcriptional factor is required
mann and Sad, 1996). This process is controlled by cyto-
for several immunological functions such as the devel-
kines that are produced by a variety of immunocompe- opment of CD81 Tcells (Matsuyama et al., 1993), expres-
tent cells during the immune response, especially in its sion of the inducible nitric oxide synthase (iNOS) gene
early phase. In particular, interleukin-4 (IL-4) (LeGros et by Mùs (Kamijo et al., 1994), and radiation-induced
al., 1990; Swain et al., 1990) and IL-12 (Hsieh et al., 1993; apoptosis in mitogen-activated T lymphocytes (Tamura
Scott, 1993; Magram et al., 1996; Matter et al., 1996) are et al., 1995). In this investigation, we employed a T cell
known as the most potent inducers of Th2 and Th1 receptor (TCR) transgenic (tg) system, originally de-
differentiation, respectively. It is now widely accepted scribed by Murphy et al. (1989), in combination with
that in mice infected with intracellular pathogens, the IRF-12/2 mice to examine the role of IRF-1 in Th1/Th2
Th1 differentiation program is initiated by theproduction differentiation. Since this system enabled us to induce
naive CD41 T cells to differentiate in vitro into Th1 or
Th2 cells under conditions of defined cytokine environ-‖Present address: Department of Microbiology and Immunology,
Ehime University School of Medicine, Ehime 791±02, Japan. ment and cellular composition, it was possible to spot
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the cellular sites that are affected by the lack of func- culture, indicative of a Th2-dominant response. These
observations collectively indicate that IRF-1 is essentialtional IRF-1. We show here that both Mùs and CD41 T
cells are impaired in terms of Th1 differentiation in IRF- for Th1 differentiation and that its absence leads to pre-
dominant Th2 differentiation.12/2 mice. Moreover, we found that IRF-12/2 mice lack
functional NK cells and hence are incapable of produc-
ing serum IFNg upon administration of IL-12 in vivo.
Altered Responses of IRF-12/2 Mice to Infections
These results suggest that IRF-1 is essential for the Th1
We next examined the phenotypes of (non-tg) wild-type
response in that it functions in multiple cell types that
and IRF-12/2 mice in response to infections by Listeria
participate in Th1 differentiation.
monocytogenes and Nippostrongylus brasiliensis. Wild-
type mice are usually resistant to the intracellular bacte-
Results rium L. monocytogenes, and infection of Mùs by this
bacterium results in the production of IL-12 (Hsieh et
Impaired In Vitro Th1 Differentiation al., 1993; Kaufman, 1993) and development of the Th1
in Mice Lacking IRF-1 response. Indeed, wild-type mice infected with L. mono-
Mice lacking IRF-1 (IRF-12/2 mice; Matsuyama et al., cytogenes cleared the bacteria starting on day 7 (Figure
1993) were mated with DO11.10 TCR-tg mice (Murphy et 2A) and survived. In contrast, IRF-12/2 mice could not
al., 1989), carrying a TCR specific for chicken ovalbumin control the infection (Figure 2A) and eventually died
(cOVA), to generate tg mice in an I-Ad background with (data not shown). On the other hand, IRF-12/2 mice were
or without functional IRF-1. Whole spleen cells from able to expel the nematode N. brasiliensis, a parasite
these IRF-12/2 TCR tg and control tg mice were cultured by which the Th2 response is predominantly induced
with the specific cOVA peptide for 6 days and restimu- (Urban et al., 1993; Urban et al., 1995), more efficiently
lated with the same peptide in the presence of irradiated than did wild-type mice (Figure 2B). These observations
BALB/c spleen cells. The amounts of IFNg and IL-4 in further support the notion that the immune response is
culture supernatants were measured by enzyme-linked skewed toward Th2 type in IRF-12/2 mice.
immunosorbent assay (ELISA) to assess Th1 and Th2
differentiation, respectively. As shown in Figure 1, a
Functional Abnormalities of CD41 T Cells andlarge amount of IFNg but little if any IL-4 was produced
Antigen-Presenting Cells in IRF-12/2 Micein the culture supernatant obtained with spleen cells
To understand which type of cell involved in Th1 differ-from TCR tg mice with wild-type IRF-1 alleles (IRF-11/1
entiation is affected by the IRF-1 deficiency, CD41 TTCR tg mice). This result is consistent with previous
cells and antigen-presenting cells (APCs) were sepa-reports (Hosken et al., 1995; Hsieh et al., 1995) and
rately purified from IRF-11/1 and IRF-12/2 TCR tg miceindicates that the Th1-dominant response was induced
and cultured in various combinations. Consistent within the primary culture (Figure 1). Because of the breeding
the previous observation (Figure 1), IRF-11/1 CD41 Tstrategy, the genetic background of these IRF-11/1 TCR
cells showed a Th1-dominant response (i.e., high-leveltg mice was a mixture of those of C57BL/6 and BALB/c.
IFNg and low-level IL-4 production) when coculturedSince a BALB/c genetic background prefers Th2 differ-
with IRF-11/1 APCs, whereas the opposite situation wasentiation in the TCR tg system (Hsieh et al., 1995), a
found when IRF-12/2 CD41 T cells and IRF-12/2 APCsportion of IRF-11/1 TCR tg mice could theoretically be
expected to show Th2-biased responses. However, in
multiple independent trials we consistently observed
Th1-dominant responses similar to that shown in Figure
1. In contrast, the production patterns of these two cyto-
kines were completely reversed in spleen cells from TCR
tg mice with a null mutation in the IRF-1 genes (IRF-
12/2 TCR tg mice) (Figure 1). Thus, IFNg was undetect-
able (the detection limit of the ELISA was 10 U/ml), and
a large amount of IL-4 was produced in the secondary
Figure 2. Clearance of L. monocytogenes and N. brasiliensis in IRF-
12/2 Mice
(A) IRF-12/2 mice (filled columns) or wild-type littermates (hatched
columns) were injected intravenously with 2 3 103 cfu of L. monocy-
togenes. The cfu were determined in lysates prepared from the livers
on the indicated days after infection.
Figure 1. Impaired Th1 Differentiation in IRF-12/2 Mice In Vitro (B) N. braziliensis larvae (500/head) were inoculated subcutaneously
into IRF-12/2 mice (filled columns) or wild-type littermates (hatchedProduction of IFNg or IL-4 by Th cells induced in vitro from spleen
cells isolated from IRF-12/2 (2/2; filled columns) or IRF-11/1 (1/1; columns), and the number of worms in the intestine was measured
2 or 5 days later. Each determination consisted of three (A) or twohatched columns) TCR tg mice. Each column represents the mean
and SD of triplicate cultures. mice (B). These results were reproducible.
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Figure 3. Both T Cells and APCs Were Impaired in Terms of Th1
Differentiation
CD41 T cells purified from IRF-12/2 (2/2; filled columns) or IRF-
11/1 (1/1; hatched columns) TCR tg mice were cultured together
Figure 4. Defective Induction of IL-12p40 mRNA Expression inwith T cell±depleted spleen cells (APC) isolated from IRF-12/2 (2/2)
IRF-12/2 Peritoneal Mùs by LPS and IFNgor IRF-11/1 (1/1) TCR tg mice. IFNg and IL-4 activities in the super-
(A) Total RNA isolated from peritoneal Mùs stimulated as indicatednatants are shown as the means obtained from triplicate culture.
were analyzed by Northern blotting with probes for IL-12p40 or
tumor necrosis factor-a. 28S rRNA was included as a loading con-
trol. WT, wild-type mice.
were cultured under the same conditions (Figure 3). In- (B) IL-12 production by peritoneal Mùs isolated from wild-type (1/1)
terestingly, IRF-11/1 CD41 T cells showed predomi- and IRF-12/2 (2/2) mice. Amounts of IL-12p70 molecules in the
culture supernatants are shown as the means and SDs of two micenantly Th2 differentiation when they were cocultured
for each determination.with IRF-12/2 APCs, indicating that IRF-12/2 APCs are
deficient in supporting Th1 differentiation. Furthermore,
similar results were obtained when purified IRF-12/2 production of IFNg in IRF-12/2 spleen cells; however, its
CD41 T cells were cocultured with wild-type APCs (Fig-
level (approximately 250 U/ml) was still 6-fold lower than
ure 3), suggesting that CD41 T cells are also deficient
that produced by IRF-11/1 spleen cells under the same
in IRF-12/2 mice.
conditions. Moreover, the IRF-12/2 spleen cells still pro-
duced a significantly high amount of IL-4; the IL-4 level
Defective IL-12 Production in IRF-1-Deficient Mùs was only 3-fold lower than that produced in the absence
The best-known cytokine produced by APCs that con-
trols the Th1 response is IL-12 (Hsieh et al., 1993; Scott,
1993), and its importance in Th1 differentiation has been
demonstrated with mutant mice congenitally lacking ex-
pression of IL-12 (Magram et al., 1996; Matter et al.,
1996). IL-12 is a heterodimeric molecule (IL-12p70) con-
sisting of p35 and p40 subunits, and its functional ex-
pression is primarily controlled by the induction of the
p40 subunit (IL-12p40; Wolf et al., 1991). When perito-
neal Mùs from wild-type mice were treated by lipopoly-
saccharide (LPS) and IFNg, IL-12p40 mRNA was
strongly induced, whereas such induction was barely
detectable in cells derived from IRF-12/2 mice (Figure
4A). On the other hand, induction of tumor necrosis
factor-a mRNA was relatively unaffected. These results
indicate that the IL-12p40 gene is under the transcrip-
tional control of IRF-1. Consistent with this finding, the
production of IL-12p70 proteins was undetectable in
Mùs stimulated with LPS and IFNg, whereas it was
readily detectable in the supernatant of the stimulated,
wild-type Mùs (Figure 4B). These results offer a mecha-
nism by which IRF-1 regulates the function of APCs to
provide help for Th1 differentiation.
Figure 5. Hyporesponsiveness to IL-12 of IRF-12/2 CD41 T Cells
The Responsiveness of CD41 T Cells to IL-12
(A) Whole spleen cells taken from IRF-11/1 (1/1; hatched columns)
Is Affected by IRF-1 Deficiency and those from IRF-12/2 (2/2; filled columns) were cultured as in
If the impaired production of IL-12 by IRF-12/2 APCs Figure 1, in the absence or presence of recombinant mouse IL-12
(1 ng/ml).was the sole reason for the defective Th1 differentiation
(B) CD41 T cells purified from the spleen of IRF-11/1 (1/1; hatchedseen in IRF-12/2 mice, addition of exogenous IL-12
columns) and of IRF-12/2 (2/2; filled columns) mice were culturedshould correct the defect. Whole spleen cells from IRF-
in the presence of wild-type CD52CD82 spleen cells and recom-12/2 or IRF-11/1 TCR tg mice were cultured in the pres-
binant mouse IL-12 (1 ng/ml). Primary and secondary cultures were
ence of recombinant mouse IL-12 under the conditions performed as in Figure 1. IFNg and IL-4 activities in the superna-
described in the previous experiments (Figure 1). As tants are shown as the means obtained from triplicate culture in
(A) and (B).shown in Figure 5A, exogenous IL-12 resulted in the
Immunity
676
Figure 6. Impaired Production of IFNg by
IRF-12/2 Mice in Response to IL-12 Due to
the Absence of Functional NK Cells
(A) Serum IFNg titers were determined by
ELISA (Amersham) for wild-type (hatched col-
umns) andIRF-12/2 (filled columns) mice 24 hr
after intraperitoneal injection of recombinant
mouse IL-12 (1 mg/head). Serum taken from
untreated mice were also included. Each col-
umn represents the mean and SD from 3
mice.
(B) NK cell±mediated cytotoxicity in spleen
cells and liver mononuclear cells from wild-
type (open circles) and IRF-12/2 mice (filled
circles) was measured at indicated effector-
to-target (E/T) ratios. Results are shown as
the means and the SD of triplicate cultures.
(C) Flowcytometry was performed on spleen
cells or mononuclear cells isolated from the
liver using antibodies against CD3, CD45R/
B220 andNK1.1. Narrow and bold lines repre-
sent profiles of wild-type and IRF-12/2 cells,
respectively. Shown is a typical result from
more than three trials. Only CD32CD45R/
B2202 lymphocytes were analyzed.
of exogenous IL-12. These observations imply that im- Discussion
paired IL-12 production by IRF-12/2 APCs alone does
In this study we demonstrated that the transcriptionalnot account for the Th2-dominant response observed
factor IRF-1 is essential for the Th1 response. Spleenin IRF-12/2 TCR tg spleen cells. Furthermore, addition
cells from TCR tg IRF-12/2 mice were found to generateof exogenous IL-12 to IRF-12/2 CD41 T cells failed to
Th2 cells exclusively, even though cells were stimulatedinduce Th1 differentiation to the level observed with
with 0.3 mM cOVA peptide, a condition reported towild-type CD41 T cells (Figure 5B) in the presence of
induce predominantly a Th1 response (Hosken et al.,wild-type APCs. These results indicate that CD41 T cells
1995). Our results indicate that multiple cell types areare also affected by the IRF-1 deficiency and the defect
affected by the IRF-1 deficiency with respect to Th1seems to be associated, at least in part, with a hypore-
differentiation, including APCs, CD41 T cells, and NKsponsiveness to IL-12.
cells.
IRF-12/2 mice were found to be susceptible to L. mo-
Absence of Functional NK Cells nocytogenes infection (Figure 2). A somewhat conflict-
in IRF-1±Deficient Mice ing result has been published recently, showing that
The observations that both APCs and CD41 T cells show IRF-2 and interferon consensus sequence binding pro-
deficiencies in Th1 differentiation prompted us to exam- tein rather than IRF-1 are important for the protective
ine another cell type that is known to be important for the immunity against L. monocytogenes (Fehr et al., 1997).
Th1 response: NK cells. Intraperitoneal administration of The susceptibility of IRF-12/2 mice may be affected by
IL-12 rapidly induced IFNg in the serum in wild-type the environment in which mice are maintained, as
mice (Figure 6A), an activity attributable to NK cells. In pointed out by Fehr et al. (1997): we used IRF-12/2 mice
fact, mice depleted of NK cells by injection of an anti- reared under specific pathogen-free conditions, in con-
NK1.1 monoclonal antibody failed to produce IFNg in trast to the latter study, in which mice were kept under
response to IL-12 (K. O., unpublished data). We found conventional conditions. However, in contrast to the
that IRF-12/2 mice failed to produce IFNg in the serum susceptibility to L. monocytogenes infection, IRF-12/2
when IL-12 was injected (Figure 6A), indicating that func- mice showed highly efficient expulsion of N. braziliensis
tional NK cells are missing in IRF-12/2 mice. Consistent worms, a phenomenon consistent with the enhanced
with this, resident NK cell±mediated cytotoxicity was Th2 differentiation seen in vitro. These observations im-
absent from both the spleen and the liver (Figure 6B). plicate IRF-1 as a critical factor in Th1 differentiation in
Similarly, it recently has been reported that several NK vivo as well as in vitro, with loss of IRF-1 leading to Th2-
cell±mediated biological activities, such as poly-I:C± dominant responses.
induced cytotoxicity, are impaired in IRF-12/2 mice IRF-1 expression is dramatically elevated in T cells
(Duncan et al., 1996). Furthermore, we observed that upon mitogen stimulation (Miyamoto et al., 1988), and
the number of NK (NK1.11CD32) cells were severely IRF-1 is required for radiation-induced apoptosis (Ta-
reduced both in the spleen and the liver as revealed by mura et al., 1995). The function of IRF-1 in CD41 T cells
flow cytometry (Figure 6C). These observations collec- that contributes to Th1 differentiation seems to involve
tively suggest that normal development of NK cells also IL-12 responsiveness, since IRF-12/2 CD41 T cells can-
not be induced to fully restore Th1 differentiation evenrequires IRF-1.
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by the addition of exogenous IL-12 (Figure 5). Consistent and IRF-1 may also cooperate in the CD40-mediated
with this idea, we observed that IRF-12/2 T cells acti- induction of IL-12p40 gene expression in Mùs.
vated with anti-CD3 monoclonal antibody show a re- In addition to IL-12, IFNg is important for Th1 differen-
duced proliferative response to subsequent IL-12 stimu- tiation in that it induces IL-12 production by Mùs (Maca-
lation compared with wild-type T cells (our unpublished tonia et al., 1993). The major source of IFNg in the initial
data). Responsiveness to IL-12 can be determined by phase of the Th1 response is thought to be NK cells
the expression of the receptor for this cytokine and (Tripp et al., 1993; Afonso et al., 1994; Scharton-Kersten
by intracellular signaling upon binding of IL-12 to its et al., 1995). Our finding that in IRF-12/2 mice NK cells
receptor. However, thus far we have not observed any are not only reduced in number but also functionally
significant differences in theexpression of genes encod- inactive with respect to IL-12±induced IFNg production
ing the IL-12 receptor subunits, b1 and b2 (Chua et al., in vivo further implicates IRF-1 as a critical regulator of
1995; Presky et al., 1996), between mitogen-activated the Th1 response. In contrast to T and B cells, little is
wild-type and IRF-12/2 CD41 T cells (data not shown), known about gene regulation during the development
suggesting the possible role of IRF-1 in downstream of NK cells at present, partly because there is no mutant
intracellular IL-12 signaling. mouse known to lack the NK cell population. In this
It has been shown that STAT4 is essential for IL-12 context, IRF-12/2 mice may be useful tostudy themolec-
signaling and required for the Th1 response (Kaplan ular mechanism of NK cell development as well as the
et al., 1996b; Thierfelder et al., 1996). Whether IRF-1 role of NK cells in the immune system.
regulates the expression and/or function of STAT4 or In summary, IRF-1 regulates Th1 differentiation not
vice versa is currently unknown, and it is also possible only by inducing IL-12p40 expression in Mùs and by
that IRF-1 and STAT4 function in parallel by activating regulating the IL-12 response of CD41 T cells, but also
different sets of the target genes. Identification of the indirectly by affecting the cellular composition of the
target genes of IRF-1 (and STAT4) in CD41 T cells will immune system. Although the defects in CD41 T cells,
clarify this issue and ultimately help us to understand NK cells, and Mùs in IRF-12/2 mice appear to be inde-
the gene regulatory events mediating Th1/Th2 differenti- pendent and perhaps due to changes in the expression
ation. In view of the possible function of IRF-1 in CD41 of different target genes, all of them are associated with
T cells, it is interesting that in mice, the balance between the Th1 response. It has been pointed out that the innate
Th1 and Th2 cells is said to be critically affected by a
and adaptive immune systems are tightly connected
gene(s), apparently acting in T cells, that resides in a
with each other and act in concert to fight against patho-
specific locus on chromosome 11 where the IRF-1 gene
gens (Fearon and Locksley, 1996). Our present study
has been mapped (GuÈ ler et al., 1996). IRF-1 may be may provide a unique link between these two systems:
encoded by the putative gene itself, or this may be a
IRF-1, which was originally identified as a regulator of
case of two separate genes located close to each other,
the innate immune system (i.e., the IFN system), is alsoboth of which regulate the Th1 immune response.
a critical mediator of the Th1 response.We have shown that the IL-12p40 gene is a target of
IRF-1 in Mùs. Indeed, we identified one potential IRF-
Experimental Procedures1±responsive element, AGTTTCTACTTTG (Tanaka et al.,
1993), in the promoter region of the IL-12p40 gene (Mur- Cytokines, Antibodies, and Peptides
phy et al., 1995; Yoshimoto et al., 1996) at positions 273 Recombinant murine IL-12 was provided by Genetics Institute. Re-
to 261 (positions defined according to those in Murphy combinant murine IL-4 and IFNg were purchased from Genzyme.
Anti-IL-4 monoclonal antibody (11B11) was purified using a protein-et al., 1995) and could demonstrate direct binding of
G±Sepharose affinity column (Pharmacia). Culture supernatant fromIRF-1 to this motif in vitro (data not shown). It has been
a hybridoma 3.155 provided by Dr. H. Fujiwara (Osaka University)reported that a nonconventional NF-kB binding site in
was used as an anti-CD8 monoclonal antibody. cOVA peptide (resi-the promoter region of this gene (positions 2132 to
dues 323±339) was purchased from Iwaki Glass (Fukushima, Japan).
2122) is important for IL-12p40 gene expression in-
duced by LPS in a cell line pretreated with IFNg (Murphy Mice
et al., 1995). Furthermore, the NF-kB complexes that IRF-1 deficient mice have been described previously (Matsuyama
bound to this region were found to consist of p50/p65 et al., 1993) and were maintained by backcrossing to C57BL/6 mice.
Mice used for experimental infections and for breeding with DO11.10or p50/c-Rel (Murphy et al., 1995). Recently, it has been
TCR tg mice were the offspring of mice backcrossed 5 to 6 times.shown that NF-kB and IRF-1 cooperate in the expres-
IRF-12/2 and IRF-11/1 TCR tg mice were generated by breedingsion of the gene for vascular cell adhesion molecule-1,
IRF-12/2 and DO11.10 TCR tg mice (kindly provided by Dr. D. Loh,presumably through the physical interaction of the p50
Nippon Roche), andthose expressing I-Ad as judgedby immunofluo-
subunit of NF-kB with IRF-1 (Neish et al., 1995). Assum- rescent staining on peripheral blood lymphocytes were used for
ing that IFNg treatment, which induces IRF-1 in a STAT1- experiments. All mice were reared under a specific pathogen-free
dependent manner (Durbin et al., 1996; Meraz et al., condition.
1996), enhances the binding of NF-kB complexes to the
region 2132 to 2122 in the IL-12p40 gene (Murphy et Experimental Infections
Experimental infections were performed as described (Watanabe etal., 1995), IRF-1 may regulate IL-12p40 gene expression
al., 1986; Fujiwara et al., 1994). In brief, mice were injected intraperi-by recruiting NF-kB complexes to the promoter. Inter-
toneally with 2 3 103 colony-forming units (cfu) of L. monocytogenes.estingly, recent gene knockout studies have shown that
The cfu were determined in lysates prepared from the livers. In a
the CD40±CD40 ligand interaction is essential for the different set of experiments, infected mice were left for examining
production of IL-12 in the presence of IFNg (Campbell mortality. N. braziliensis larvae (500/head) were inoculated subcuta-
et al., 1996; Kamanaka et al., 1996). Since CD40 cross- neously into mice and the number of worms in the intestine was
measured 2 or 5 days later.linking activates NF-kB (Berberich et al., 1994), NF-kB
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Induction of Th Cell Differentiation In Vitro primary response gene induced by interleukin 6 and leukemia inhibi-
tory factor: role in growth inhibition. Cell Growth Diff. 2, 401±407.A two-step culture method (Hsieh et al., 1992) was used to induce
Th cell differentiation in vitro. In brief, spleen cells (5 3 106) were Afonso, L.C., Scharton, T.M., Vieira, L.Q., Wysocka, M., Trinchieri,
cultured in the presence of 0.3 mM cOVA peptide (residues 323±339; G., and Scott, P. (1994). The adjuvant effect of interleukin-12 in a
Murphy et al., 1989). Six days later, cells were recovered and vaccine against Leishmania major. Science 263, 235±237.
restimulated in the presence of cOVA peptide (0.3 mM), and 5 3 106 Berberich, I., Shu, G.L., and Clark, E.A. (1994). Cross-linking CD40
irradiated (20 Gy) BALB/c spleen cells for 2 days. on B cells rapidly activates nuclear factor-kappa B. J. Immunol. 153,
Amounts of IFNg and IL-4 in the culture supernatants were deter- 4357±4366.
mined by sandwich ELISA established with monoclonal antibodies
Campbell, K.A., Ovendale, P.J., Kennedy, M.K., Fanslow, W.C.,(purchased from Pharmingen). Recombinant mouse proteins (Gen-
Reed, S.G., and Maliszewski, C.R. (1996). CD40 ligand is required forzyme) were used for standards.
protective cell-mediated immunity to Leishmania major. Immunity 4,
283±290.
Enrichment of CD41 T Cells
Chua, A.O., Wilkinson, V.L., Presky, D.H., and Gubler, U. (1995).CD41 Tcells were purified from the spleen by complement-mediated
Cloning and characterization of a mouse IL-12 receptor-b compo-lysis using anti-CD8 monoclonal antibody followed by positive se-
nent. J. Immunol. 155, 4286±4294.lection of CD51 cells with a magnetic cell sorter and anti-CD5 mi-
Coffman, R.L., and Weid, T. (1997). Multiple Pathways for the Initia-crobeads (MACS, Mylteni Biotech). The purity of CD41 cells was
tion of T helper 2 (Th2) Responses. J. Exp. Med. 185, 373±376.greater than 95% in all cases. CD52 cells were used as APCs. CD41
T cells (2.5 3 105) and APCs (5 3 106) were cultured and restimulated Duncan, G.S., MittruÈ cker, H.-W., KaÈ gi, D., Matsuyama, T., and Mak,
as described (Hsieh et al., 1992). T.W. (1996). The transcription factor interferon regulatory-1 is essen-
tial for natural killercell function in vivo. J. Exp. Med. 184, 2043±2048.
Isolation and Stimulation of Peritoneal Mùs Durbin, J.E., Hackenmiller, R., Simon, M.C., and Levy, D.E. (1996).
for IL-12 Production Targeted disruption of the mouse Stat1 gene results in compromised
Peritoneal cells taken from mice treated with thioglycolate 2 days innate immunity to viral disease. Cell 84, 443±450.
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